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Abstract: We present the transmission characteristics of THz waves in the metal-clad antiresonant reflecting hollow 
waveguides. We have derived the equation for the blueshift of the resonance frequency. The effects of the waveguide structure 
on the blueshift of the resonance frequency are studied comprehensively. In particular, we find that the blueshift of the 
resonance frequency is strongly affected by the interval between two dielectric slabs. By changing the interval, we obtain that 
the maximum frequency-tuning-range is up to 2030 GHz, and the maximum sensitivity of the resonance frequency shift is up 
to 6950 GHz/mm at the resonance order of m = 1. When the THz wave is at the near-zero loss frequency, both the loss and the 
dispersion of the guide modes are very low. 2015 Optical Society of America 
OCIS codes: (260.3090) Infrared, far; (230.7370) Waveguides; (230.7390) Waveguides, planar. 
1. Introduction 
In recent years, THz waveguides [1,2] have attracted much attention, such as metal wire waveguides [3-5], dielectric pipe 
waveguides [6-9], ultra-thin metal pipe waveguides [10], and terahertz porous fibers [2, 11-14]. And they have been widely 
used in communications, spectroscopy, imaging and sensing. The functional devices [15,16] such as THz switches [17,18], 
filters [15,18-21] and THz sensors [22-24] are hot research topics. Recently, much attention has been paid to low loss planar 
THz waveguides [25,26], such as parallel plate waveguides [25, 27-29], metal nanofilm waveguides [30], metal-clad 
antiresonant reflecting hollow waveguides [20], and single metal plate waveguides [31-34]. And more articles have reported 
switches, filters [15, 19-21], sensors [24, 31-34] based on the planar THz waveguides for their simple structure. Lu et al. 
proposed the metal-clad antiresonant reflecting hollow waveguide for the tunable filter application [20]. They studied the 
antiresonant reflecting mechanism of the waveguide experimentally and supported by numerical simulations. 
In this paper, we analytically study the transmission characteristics of the THz wave in the metal-clad antiresonant 
reflecting hollow waveguides. We first derive the dispersion equation of the waveguide. Then by using the dispersion 
equation, we study the effects of the waveguide structure on the resonance frequency comprehensively. We have also derived 
the equation for the blueshift of the resonance frequency. We find that the effects of the dielectric slab thickness on the 
resonance frequency can be predicted by the equation in [35]. The effects of the interval between the metal plate and dielectric 
slab on the blueshift of the resonance frequency have been discussed by Lu et al., but they did not study the effects of the 
interval between two dielectric slabs on the blueshift [20]. However, we find that the interval between two dielectric slabs 
strongly affects the blueshift of the resonance frequency. By changing this interval, we obtain that the maximum frequency-
tuning-range and the maximum frequency shift sensitivity are up to 2030 GHz and 6950 GHz/mm, respectively, which are 33 
times and 60 times larger than those caused by the interval between the metal plate and dielectric slab. Moreover, both the 
loss and the dispersion of guide modes are very low when the THz wave is at the near-zero loss frequency. We believe that the 
results obtained are very useful for designing THz filters, sensors and switches. 
2. The dispersion equation of the metal-clad antiresonant reflecting hollow waveguide 
 
Fig. 1. The structure of the metal-clad antiresonant reflecting hollow waveguide. 
The waveguide structure and coordinate system are shown in Fig. 1, and the waveguide width in y direction is infinity. The 
interval between the two Polystyrene (PS) slabs is 2w a ,  the thickness of the PS slab is t b a  , and the interval between 
the metal plate and PS slab is d c b  . According to the traditional waveguide theory, for transverse electric (TE) modes 
propagating in the positive z-direction, the transverse electric field of even modes in different regions can be written as [36]: 
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where A1 ~ A10 are unsolved mode coefficients in different regions,
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4 4 0( )h n k  .  The complex variable of β is 1 *j    , in which the real part 1  is 
related to the effective refractive index 
1 0/effn k  and the imaginary part  is the loss coefficient of the mode. The wave 
vector in vacuum is 
0 2π /k  , and 1n , 2n , 3n , and 4n  are refractive indices of air, the PS slab, air and the metal plate, 
respectively. According to Eq. (1), we derive the longitudinal magnetic field of the modes by using ( ) ( )z y
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Then basing on the continuities of tangential field components at the interfaces, we further derive the following dispersion 
equation: 
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Copper is adopted as the material of the metal plates, and its relative permittivity 
2
4 4n   can be gotten according to 
the Drude model: 
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where   is the angular frequency of the THz wave,   is the high frequency permittivity of copper, which is always 
negligible in the THz region, and 161.1234 10 Hzp    and 
131.3798 10 Hz    are the plasma oscillation frequency and 
damping frequency of copper [37], respectively. According to Eq. (3), we can obtain the refractive index of copper. The 
material of dielectric slabs is Polystyrene (PS) with a refractive index of 
2 1.58 0.0036n j   [38]. The refractive index of air 
is 
1 3 1n n  . 
3. The transmission characteristics of the metal-clad antiresonant reflecting hollow waveguide 
3.1 The loss, dispersion and mode field distribution 
When the interval between the two PS slabs is w = 8 mm, the thickness of the PS slabs is t = 1 mm, and the interval between 
the metal plate and PS slab is d = 5 mm, we numerically calculate the dependence of the loss coefficient on the THz frequency 
by Eq. (2), as shown in Fig. 2(a). From Fig. 2(a), we can observe that the mode loss is very low when the THz wave is far away 
from the resonance frequency (for example, 10.00022 cm   at f = 0.31 THz), but increases sharply near the resonance 
frequency. The resonance frequency can be predicted by the following relation [35]: 
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where 11c 3 10 mm / s   is the speed of light in vacuum. When the PS slab thickness is t = 1 mm, and its refractive index is 
2 1.58n  , according to Eq. (4) we get that the theoretical resonance frequencies are 0.123 THz, 0.245 THz, and 0.368 THz at 
the resonance orders m = 1, 2, and 3, respectively. The corresponding resonance frequencies obtained by the numerical 
calculation are 0.182 THz, 0.278 THz, and 0.390 THz, which means that the resonance frequencies show blueshifts relative to 
the theoretical values. 
In order to get a better understanding of this mode, we calculate the mode field distributions at the lowest loss point 
(namely at the nearly-zero loss frequency) and the highest loss point (namely at the resonance frequency), at m = 3, as shown 
in Fig. 2(b) and 2(c), respectively. We first obtain the complex variable  by solving Eq. (2), and derive the relationships of the 
mode coefficients A1 ~ A10 by using the continuities of tangential field components at the interfaces. Then according to  and 
the relationships of A1 ~ A10, we further obtain the mode field distributions. From Fig. 2(c), we can see that when the THz wave 
is at the resonance frequency, a much larger part of the THz energy comes into the PS slabs with a high absorption loss, thus 
the mode loss is very high. However, when the THz wave is at the near-zero loss frequency, the field amplitude is very small in 
the PS slabs, as shown in Fig. 2(b), so very little THz energy propagates in the PS slabs and then the mode loss is very low. This 
mainly results from that most of the THz energy is reflected on the interfaces between air and the PS slabs. The blueshift of the 
resonance frequency can also be explained by the mode field distribution. As we can see in Fig. 2 (c), in the range of x a , 
the mode field is changing in exponent. According to Eq. (1), the field in the middle air interval is 
2 2 2 1/2
1 1 0cos[( ) ]A n k x , 
so at x = a, we can get: 
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where p is a constant which is related to the structure of the waveguide. For each resonance order m, the total phases in PS 
slabs at the shifted resonance frequency is (m + l)π, so: 
2 2 2
2 0 ( )n k t m l                                                                                 (6) 
where l is a constant which is related to d (l = 0.5 for 0d  , and 0l   for d  ). When d is between 0 and infinity, l is 
between 0 and 0.5, but the numerical calculation results show that we can adopt 0l   for / 2d  . According to Eqs. (5), (6) 
and 
0 2π / cmk f , the shifted resonance  frequency can be predicted by the following relation: 
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We substitute t = 1 mm, a = 4 mm, and 0l   to Eq. (7), when m = 1, the shifted resonance frequency by numerical 
calculation is f = 0.182 THz, so we get the p = 4.387 for this structure. By using the proper p = 4.387 , we obtain that the 
resonance frequencies for m = 2 and 3 are 0.279 THz and 0.391 THz, respectively. The theoretical results are in good 
agreement with the numerical values. 
According to Eqs. (4) and (7), the theoretical blueshift of the resonance frequency of the waveguide can be written as: 
2 2
2
2
c
2 1
m mo
m l p m
f f f
t a tn
             
      
                                  (8) 
 Fig. 2. (a) The dependence of the loss coefficient on the THz frequency. The curve from left to right corresponds to the resonance 
order of m = 1, 2, or 3. (b) and (c) are mode field distributions at the nearly-zero loss frequency and resonance frequency, 
respectively, at m = 3. The grey regions are the PS slabs, and the dark regions are the metal plates. (d) The mode field distribution of 
the higher order mode at f = 0.290 THz. (e) The dependence of the group velocity on the THz frequency. 
 The lowest order guided mode of the waveguide also has a near-zero loss frequency. Here we particularly point out that 
the order of the guided mode is independent of the resonance order. When the THz wave tends to the near-zero loss frequency, 
the mode loss 0  . Then according to the mode field distributions, we can get the near-zero loss conditions of the lowest 
mode as follows: 
   
2 2 2
1 0 1 / 2n k a                                                                           (9) 
Eq. (9) is gotten because at the point of x = a, the mode field is nadir, as seen in Fig. 2 (b). The phase is a real number because β 
is a real number for 0  , which makes the field in the hollow interval change in a cosine form. While in Eq. (5), the phase is 
not a real number for the field in the hollow interval changes in an exponent form. According to the total phases in the PS slabs, 
we can also get: 
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According to Eqs. (9) and (10), the near-zero loss frequency can be predicted by the following relation: 
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For each resonance order m, when the frequency of the THz wave is smaller than the near-zero loss frequency, the lowest 
order guided mode disappears, but a higher order mode appears. Therefore, we can obtain the complete transmission window, 
as shown in Fig. 2(a). The mode field distribution of the higher order mode at f = 0.29 THz is shown in Fig. 2(d). From Fig. 2(d), 
one can see that the total phase in the air core is 3π, which is different from that of the lowest order mode shown in Fig. 2(b). 
The total phase in each PS slab is a little larger than 2π, which indicates that this mode is near the start of the antiresonant 
reflecting mode of m = 3. However, in the previous study [20], the mode field distribution of the higher order mode for a given 
m is not given. 
We substitute t = 1 mm, a = 4 mm, and 
1 0.5l   to Eq. (11), and obtain that the near-zero loss frequencies of the lowest 
order mode are 0.0594 THz, 0.183 THz and 0.306 THz at m = 1, 2, and 3, respectively. The corresponding near-zero loss 
frequencies obtained by the numerical calculation are 0.0600 THz, 0.185 THz, and 0.305 THz. Therefore, the theoretical results 
are in good agreement with the numerical values. According to Eqs. (7) and (11), the theoretical shifted bandwidth of the 
transmission window of the lowest order mode in the waveguide can be written as: 
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According to Eq. (12), we get that the theoretical shifted bandwidths of the lowest order mode are 0.123 THz, 0.0960 THz, and 
0.0850 THz at m = 1, 2, and 3, respectively. The corresponding shifted bandwidths of the lowest order mode obtained by the 
numerical calculation are 0.122 THz, 0.0930 THz and 0.0843 THz. The numerical calculation results are in good agreement 
with the theoretical results.  From Figs. 2(b) and 2(c), we can see that when d = 5 mm, metal plates still affect the mode field 
distribution in the non-resonance case, but hardly affect the mode field distribution in the resonance case. In fact, when d is 
larger than 1.5 mm for the given waveguide structure, the effect of copper plates on the resonance mode is very small. 
According to the formula 
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, we calculate the dependence of the group velocity of guided modes 
on the frequency f, as shown in Fig. 2(e). From Fig. 2(e), one can know that when the THz wave is far from the resonance 
frequency, the group velocity is near the speed of light in vacuum and the group velocity dispersion (GVD) is very low. 
However, the group velocity decreases quickly near the resonance frequency, and this is because much more THz wave energy 
is in the PS slabs. 
When d = 0 mm, 0.3 mm, and 0.5 mm, we calculate both the dependences of loss coefficients on the THz frequency and the 
mode field distributions at the resonance frequencies at m = 3, as shown in Fig. 3. From Fig. 3(a), we can see that for a given 
resonance order m, the smaller d is, the larger the resonance frequency is. When d = 0 mm, the resonance frequency obtained 
by the numerical calculation is 0.218 THz, 0.326 THz, or 0.442 THz at m = 1, 2, or 3, where blueshifts are found relative to the 
theoretical values predicted by Eq. (4). When d = 0 mm, the near-zero loss frequency of the lowest order mode obtained by the 
numerical calculation is 0.122THz, 0.245THz, or 0.368 THz at m = 1, 2, or 3. According to Eq. (11), we get that the 
corresponding theoretical near-zero loss frequency of the lowest order mode is 0.122 THz, 0.245 THz, or 0.368 THz. The 
numerical calculation results are in good agreement with the theoretical results. The shifted bandwidths of the lowest order 
mode are 0.0960 THz, 0.0810 THz, and 0.0740 THz, corresponding to m = 1, 2, and 3 for d = 0. According to the numerical 
calculation, the bandwidth of the lowest order mode decreases as d decreases from 5 mm to 0 mm for each m. When d 
decreases from 0.5 mm to 0 mm, the total phase of the electric field in the PS slab increases from 3π to 3.5π for m = 3, as 
shown in Fig. 3(b), which means l in Eq. (8) increases from 0 to 0.5. The increased phases cause the blueshifts of the resonance 
frequencies as seen in Eq. (8). Moreover, the loss at the resonance frequency increase as d decreases, as shown in Fig. 3(a). The 
minimum loss, which happens at the near-zero loss frequency, can be as low as 10.00019cm  at d = 0 mm and f = 0.37 THz. 
 
Fig. 3. (a) Dependences of the loss coefficients on the THz frequency for d = 0 mm (blue line), d = 0.3 mm (black line), or d = 0.5 mm 
(red line). The curve from left to right corresponds to the resonance order of m = 1, 2, or 3. (b) Mode field distributions at the 
resonance frequencies for m = 3. The inset (1) corresponds to d = 0.5 mm and fm = 0.394 THz, the inset (2) corresponds to that d = 0.3 
mm and fm = 0.396 THz, and the inset (3) corresponds to that d = 0 mm and fm = 0.442THz. 
When d = 0.3 mm, w = 8 mm, and f = 0.3 THz, we numerically calculate the dependence of the loss coefficient on the PS 
slab thickness t based on Eq. (2), and the mode field distributions are also given at both the lowest loss thickness and the 
highest loss thickness at m = 2, as shown in Fig. 4. From Fig. 4(a), we can observe that when the slab thickness t tends to the 
resonance thickness, the mode loss increases sharply. The resonance thickness obtained by the numerical calculation is 0.479 
mm, 0.890 mm, 1.30 mm, 1.71 mm, or 2.12 mm at m = 1, 2, 3, 4, or 5. According to Eq. (4), the corresponding theoretical 
resonance thickness is 0.409 mm, 0.817 mm, 1.23 mm, 1.64 mm, or 2.04 mm. The numerical results are larger than the 
theoretical values, and this difference results from the blueshifts of the resonance frequencies. It is worth to point out that 
when t is smaller than 0.257 mm, 0.665 mm, 1.07 mm, 1.48 mm, or 1.89 mm for each m, the lowest order mode disappears, but 
the higher order mode appears. This phenomenon is related to the near-zero loss frequencies. The theoretical near-zero loss 
thicknesses can be predicted by Eq. (11). When / 2d  , we can adopt l = 0 in this equation. When / 2d  , we should adopt 
a proper l according to the numerical calculation. For example, when 0.3 THzcf  , w = 8 mm, and d = 0.3 mm, we can choose l 
= 0.13, and then we obtain that the theoretical near-zero loss thickness is 0.257 mm, 0.665 mm, 1.07 mm, 1.48 mm, or 1.89 
mm, at m = 1, 2, 3, 4, or 5. The numerical results are in good agreement with the theoretical results. Comparing Fig. 4(b) with 
Fig. 4(c), the total phases of oscillatory electric fields in the slabs are slightly larger than 1.5π and 2π, respectively, at m = 2, 
which tells us that l is more than 0.  When the 0.5π phase is added in the PS slab, the low loss mode is changed into the high 
loss mode. What is more, the loss at the resonance frequency increases as t increases. The minimum loss can be as low as 
10.000071cm  at t = 0.257 mm (the near-zero loss thickness). 
 
Fig. 4. (a) The dependence of the loss coefficient on the PS slab thickness. The curve from left to right corresponds to m = 1, 2, 3, 4, or 
5. (b) and (c) are mode field distributions at the lowest loss thickness t = 0.665 mm and the highest loss thickness t = 0.890 mm, 
respectively, at m = 2. The insets in (b) and in (c) both show the corresponding mode field distributions in the PS slab. 
3.2 The shift of the resonance frequency Δf 
When w = 8 mm, t = 1 mm, and d = 0.3 mm, we calculate the dependence of the blueshift of the resonance frequency of the 
waveguide Δf on the resonance order m, as shown in Fig. 5. When m increases, the blueshift of the resonance frequency 
decreases, and tends to a stable value gradually. From Eq. (8),  we can see that for the structure of the waveguide does not 
change in this case, Δf will decrease when m increases. When m = 1, the blueshift of the resonance frequency is up to 67.2 GHz. 
 
Fig. 5. The dependence of the resonance frequency shift relative to the theoretical value on the resonance order. 
When w = 8 mm, d = 0.3 mm, and m = 1, we calculate the dependence of Δf on the PS slab thickness t, as shown in Fig. 6. 
From Fig. 6(a), one can see that when the PS slab thickness increases, the blueshift of the resonance frequency is nearly 
unchanged, and always about 66 GHz. According to the mode field distributions shown in Fig. 6(b), one can know that the 
increasing of the slab thickness results in the increasing of the total phase in each PS slab, which tells us that both l and p in Eq. 
(8) will change. However, from Fig. 6 (b), we can know when t increases, l  increases for the phase of the mode field on the 
right boundary of the slab decreases, at the same time, p decreases for the phase of the mode field on the left boundary of the 
slab decreases. According to Eq. (8), the blueshift of the resonance frequency is basically unchanged. Therefore, Eq. (4) in 
reference [35] can predict the effects of the PS slab thickness on the resonance frequency. However, the resonance frequency 
is also affected by w and d, which is not included in Eq. (4). 
 
Fig. 6. (a) The dependence of the resonance frequency shift relative to the theoretical value on the PS slab thickness. (b) Mode field 
distributions at different slab thicknesses for m = 1. The inset (1) corresponds to t = 0.2 mm and fm = 0.681 THz, the inset (2) 
corresponds to t = 1 mm and fm = 0.190 THz, and the inset (3) corresponds to t = 2 mm and fm = 0.127 THz. 
When w = 8 mm, t = 1 mm, and m = 1, we calculate the dependence of Δf on d by the numerical calculation, as shown in 
Fig. 7. From Fig.7, we can observe that the blueshift of the resonance frequency decreases as d increases. This is because when 
d changes from 0 to infinity, in Eq. (8), only l will change (from 0.5 to 0). However, when d is large enough, l is nearly unchange 
(l = 0), so when d is larger than 1.5 mm, the blueshift is almost unchanged. The maximum frequency-tuning-range obtained by 
changing d is 37.0 GHz. The sensitivity of Δf to d is defined as Δ(Δf)/Δd, where Δ(Δf) and Δd are the variations of Δf and d, 
respectively. When d is small enough, the sensitivity is very high. The average sensitivity is 61.3 GHz/mm when d is smaller 
than 0.5 mm. Furthermore, by changing d, we can realize the tunable THz notch filter reported in [20]. 
 
Fig. 7. The dependence of the resonance frequency shift relative to the theoretical value on the interval between the metal plate and 
PS slab. 
When d = 0.3 mm, t = 1 mm, and m = 1, we calculate the dependence of Δf on w, as shown in Fig. 8(a). We can see that the 
smaller w is, the larger the resonance frequency blueshift is. The blueshifts are 2080 GHz at w = 0.2 mm, and 58 GHz at w = 10 
mm, respectively. The maximum frequency-tuning-range caused by w is 2030 GHz, which is 33 times larger than that caused 
by d (60 GHz) [20]. As we can see in Eq. (8), the blueshift of the resonance frequency is strongly affected by a. When a is very 
small, the blueshift will be very large and 
1
~f
a
 . When d = 0.3 mm, t = 1 mm, and m = 1, we calculate the mode field 
distributions for different w, as shown in Fig. 8(b). We can see both l and p will change when w changes. However, their effects 
are negligible compared with the effects of the changing of w. The phenomenon that the blueshift of resonance frequency 
increases greatly as w decreases is not discussed in [20], either. The sensitivity of Δf to w is defined as Δ(Δf)/Δw, where Δ(Δf) 
and Δw are the variations of Δf and w, respectively. When w is small enough, the sensitivity is quite high. For example, the 
sensitivity is 6950 GHz/mm at w = 0.2 mm, which is 60 times higher than that reported in [20] (115 GHz/mm). Therefore, by 
changing w, one can realize the tunable THz notch filter with a very large frequency-tuning-range and a very high sensitivity of 
the resonance frequency shift. Obviously, the higher the sensitivity of the resonance frequency is, the higher the accuracy 
requirement of the waveguide structure is. In applications, a trade-off between the frequency sensitivity and the structure 
accuracy requirement should be considered. 
 
Fig. 8. (a) The dependence of the resonance frequency shift relative to the theoretical value on the interval between the two PS slabs. 
(b) Mode field distributions for different w at m = 1. The inset (1) corresponds to w = 0.2 mm and fm = 2.21 THz, the inset (2) 
corresponds to w = 5 mm and fm = 0.228 THz, and the inset (3) corresponds to w = 10 mm and fm = 0.181 THz. 
4. Conclusions 
We theoretically study the THz transmission characteristics of the metal-clad antiresonant reflecting hollow waveguides. Base 
on the dispersion equation derived, we study the effects of the waveguide structure on the resonance frequency in detail. We 
have also derived the equation for the blueshift of the resonance frequency and find that the blueshift of the resonance 
frequency is strongly affected by w. At t = 1 mm, d = 0.3 mm, and m = 1, by changing w we obtain that the maximum frequency-
tuning-range is 2030 GHz, which is 33 times larger than that obtained by changing d [20]. When w = 0.2 mm, d = 0.3 mm, and 
m = 1, the maximum sensitivity of the resonance frequency blueshift to w is 6950 GHz/mm, which is 60 times larger than that 
reported in [20]. Moreover, both the loss and the dispersion of the guide modes are very low when the THz wave is far away 
from the resonance frequency. We believe that these results are of theoretical significance for designing THz filters, sensors 
and switches. 
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